Abstract Fiber optics coupled to components such as lenses and mirrors have seen extensive use as probes for Raman and fluorescence measurements. Probes can be placed directly on or into a sample to allow for simplified and remote application of these optical techniques. The size and complexity of such probes however limits their application. We have used microfabrication in polydimethylsiloxane (PDMS) to create compact probes that are 0.5 mm thick by 1 mm wide. The miniature probes incorporate pre-aligned mirrors, lenses, and two fiber optic guides to allow separate input and output optical paths suitable for Raman and fluorescence spectroscopy measurements. The fabricated probe has 70 % unidirectional optical throughput and generates no spectral artifacts in the wavelength range of 200 to 800 nm. The probe is demonstrated for measurement of fluorescence within microfluidic devices and collection of Raman spectra from a pharmaceutical tablet. The fluorescence limit of detection was 6 nM when using the probe to measure resorufin inside a 150-μm inner diameter glass capillary, 100 nM for resorufin in a 60-μm-deep × 100-μm-wide PDMS channel, and 11 nM for fluorescein in a 25-μm-deep × 80-μm-wide glass channel. It is demonstrated that the same probe can be used on different sample types, e.g., microfluidic chips and tablets. Compared to existing Raman and fluorescence probes, the microfabricated probes enable measurement in smaller spaces and have lower fabrication cost.
Introduction
Raman and fluorescence spectroscopies are powerful analytical tools due to their high sensitivity, fast response, and information content. One format for these techniques is based on fiber optic probes that incorporate lenses and mirrors on the probe tip for guiding light between sample and optical fibers. Probes can be placed directly on or into a sample providing convenient, sensor-like operation. Such probes have been used for pharmaceutical process monitoring [1] , on-site environmental analysis [2, 3] , study of animal tissues in vivo [4, 5] , and diagnosis during clinical endoscopy [6, 7] . Although popular, the bulk of such systems can limit their application where miniaturization is needed. One area where miniaturized probes may be used is in biomedical Raman because the small size is useful in reducing invasiveness of clinical procedures and allowing measurements on smaller structures. Miniaturized probes could also enable measurements in other small environments, e.g., in microfluidic analytical systems.
Miniaturized Raman probes have been made by assembly of compact optical components (e.g., lenses and filters) and fiber optics [8, 9] . Such probes are commercially available, Thitaphat Ngernsutivorakul and Cynthia M. Cipolla contributed equally to this work.
Electronic supplementary material
The online version of this article (doi:10.1007/s00216-016-9999-5) contains supplementary material, which is available to authorized users. but they are typically expensive because of costs associated with material handling and precise optical alignment at small scale. These approaches also limit the extent of miniaturization. Commercially available Raman probes are typically 10 mm diameter or larger. Several miniaturized fiber optic probes with lenses have been reported that are 2 mm diameter [10] [11] [12] . The smallest lensed probes reported are 0.75 mm diameter but require a complex and tedious fabrication process including assembly and alignment of a bundle of 125-μm diameter optical fibers, use of adhesives for bonding, and procedures for handling, grinding, and polishing micro-optical components [13] . For biomedical applications, sterilization protocols add mechanical requirements and manufacturing complexity. Routes to simpler fabrication and further miniaturization are of interest.
Microfabrication has emerged as a useful approach for miniaturizing optical systems [14] [15] [16] [17] [18] [19] . Microfabricated optics for chemical analysis have primarily been used in microfluidic chips. Through microfabrication, optics can be integrated into a microfluidic chip with precise alignment and produced en masse. The integrated devices have been used for a variety of applications including protein separation, DNA analysis, and flow cytometry [20] [21] [22] . Many designs utilize rapid prototyping in polydimethylsiloxane (PDMS) due to advantages such as low cost and ease of fabrication [23, 24] . Optical elements such as lenses and other waveguides can be fabricated using air-PDMS [25] [26] [27] [28] [29] [30] or liquid-liquid interfaces [19, [31] [32] [33] [34] [35] [36] [37] . Typical designs use fiber optics to deliver light from the source and to collect signal from microfluidic channels [38] [39] [40] [41] [42] [43] . These systems are usually developed with extensive integration in mind and their sophisticated designs allow specific performance to be achieved; however, they also require fixed optics and therefore are not flexible in their use. In addition, the optics and the microfluidic systems must be manufactured simultaneously, leading to more potential points of failure and complication in fabrication processes [ 44] . Although extensive precedence exists for microfabricated optical systems, little work has been reported on microfabricated free-standing probes. Such an approach may allow miniaturization of probes to enable Raman or fluorescence measurements in small spaces while also reducing the cost.
We report microfabrication of miniaturized, freestanding optical probes that can be coupled to fiber optics for Raman or fluorescence measurements. The probes are over 100-fold smaller than conventional Raman probes and are the thinnest lensed probes reported [10, 11, 13] . The miniaturized probes allow measurements in small spaces, e.g., on microfluidic devices. Finally, the potentially low cost of fabrication suggests the possibility of disposable probes that would facilitate at patient or in vivo diagnostics and other applications.
Experimental Refractive index characterization and optical design
The refractive index (RI) of PDMS (Sylgard 184, Dow Corning, Midland, MI) from 200 to 800 nm was measured on a flat surface of the polymer using an ellipsometer (Sopra GESP-5, Semilab, North Billerica, MA). For these measurements, a 1/4-in.-thick slab of PDMS was cast against a glass plate and cured between 90 and 100°C for 45 min according to the manufacturer directions (1:10 ratio of parts A:B).
Zemax (Zemax LLC, Kirkland, WA) was used in nonsequential mode to model multimode glass optical fibers and air-gap optical elements in a PDMS device. The measured RI values of the PDMS were used to design lensed probes for collecting light from a liquid sample outside the PDMS probe through 0.22 numerical aperture (NA) low-OH multimode optical fibers. Mirror elements were created using total internal reflection by designing the angle of incidence on the mirror elements to be greater than the critical angle. Molds forming the optics were designed to avoid high aspect ratio elements that would resist demolding of the final device. Lens and mirror properties (position, angle, height, thickness, and curvature) were adjusted to maximize fluence arriving at the focal region of the probe. For simplicity, both the excitation and collection fibers were treated as fiber optic light sources in the model. An example of Zemax simulation is shown in Fig. 1a .
Mask design
AutoCAD was used to design lithographic masks based on the optimized Zemax models. Additional features were incorporated such as skid-and-post structures for holding the fiber optics, a bounding box to act as the outer edge of the probe mold, and registration patterns for allowing spatial alignment of multiple feature layers. Three separate layers were designed and printed onto emulsion film masks with a 7-μm minimum feature size (Fineline Imaging, Colorado Spring, CO). These masks (Fig. S1 in the Electronic Supplementary Material, ESM) were used to sequentially expose each physical layer in the lithography process. An illustration of the fiber encapsulation features are shown in Fig. 1b , which shows skids made in the first lithographic layer, posts in the second lithographic layer, and the bounding box formed in the third lithographic layer, along with a fiber snapped into place after development of the unexposed SU-8.
SU-8 master mold fabrication
The master mold was microfabricated using SU-8 2075 photoresist (MicroChem, Newton, MA) on a 4-in. Si wafer (ID: 1116, University Wafer, Boston, MA). This mold consisted of three layers (see Fig. 1b ). The first layer was created by spincoating a 110-μm-thick layer of photoresist onto the wafer, followed by a soft-bake process. The wafer was aligned to the photomask and UV exposed for 18 s at 17 mW/cm 2 . The photoresist layer was then post-exposure baked to polymerize the exposed pattern. The second and third layers of the device were created via a similar process. The second layer was 300 μm thick using an exposure time of 28 s, while the third layer was 110 μm thick with 34 s exposure time. Each subsequent exposure during the UV lithography process cross-links all polymer in the lower layers, creating solid structures down to the silicon wafer substrate. After the final post-exposure bake, SU-8 developer solution (MicroChem) with sonication was used to dissolve unexposed photoresist. The SU-8 mold surfaces were exposed to trichloro(methyl)silane (SigmaAldrich, St. Louis, MO) vapor to later aid the release of PDMS from the mold. All times and temperatures used for soft-bake and post-exposure bake were according to the MicroChem SU-8 2000 processing guidelines for the cumulative thickness (see Table S1 in the ESM for specific used temperatures and times).
Probe fabrication
A schematic summarizing the fabrication process of probe can be seen in Fig. S2 in the ESM. A pair of 2-m-long segments of 105 μm core/125 μm clad/250 μm polyimidecoated low-OH optical fiber (FG105LCA, Thorlabs, Newton, NJ) were used. A 4-cm segment at the end of each fiber was stripped to remove the polyimide and then flat-cleaved using a wide-blade fiber scribe (F-CL1, Newport, Irvine, CA). The flat-cleaved optical fiber segments were manually positioned in the SU-8 skid-andpost mold structures so that the cleaved end of the fiber was in contact with a physical stop designed at the entrance of the optical system, as illustrated in Fig. 1b . A small volume of PDMS prepolymer (∼1 mL Sylgard 184, Dow Corning, Midland, MI) was prepared in a 1:10 w/w ratio, mixed, and poured into the SU-8 molds after insertion of the optical fibers. The wafer assembly was placed in a vacuum chamber to degas the PDMS. A glass microscope slide was pressed firmly into contact with the upper surface of the SU-8 mold to control the probe thickness. The silicon wafer/SU-8 mold/PDMS/glass assembly was placed in an oven at 95°C and allowed to cure for 45 min. The lensed fiber optic probes were removed from the mold by carefully separating the glass slide and SU-8 mold. An image of the final probe is shown in Fig. 1c . The free ends of the optical fibers were terminated with standard FC-PC connectors (F12073, Fiber Instrument Sales, Inc., Oriskany, NY) using low-fluorescence epoxy (EPO-TEK 301, Epoxy Technology, Billerica, MA). Fig. 1 Design of a microfabricated probe. a Zemax simulation of the optical pathway of the probe coupled to a microfluidic system. The optics include mirrors (M) and lenses (L), which are designed to focus 100 μm below the coverslip. Fiber 1 is used for guiding excitation (Ex.) light from a light source, which corresponds to 90°incidence, and Fiber 2 is used for guiding emitted light (Em.) to a detector, which corresponds to 65°incidence (°incidence = angle at which the light ray strike the sample surface. L1 and M1 reflect and focus excitation light from Fiber 1 onto a sample in a microfluidic chip. L2 and M2 gather and focus the emitted light to Fiber 2. b Drawing of a mold used to fabricate the PDMS probes. Mold is made from SU-8 photoresist on a Si substrate. The inset shows a cross-sectional view of the mold with fiber optic inserted. The mold is fabricated from 3 layers of SU-8. The drawings are color-coded by layer thickness. The blue layer (#1) is the thinnest and serves to hold the fibers at the proper height like Bskids.^The green layer (#2) consists of the posts for guiding and holding the fiber in place. The green layer also creates the optics on the probe tip. The red layer (#3) creates the outer boundary of the mold and therefore defines the overall probe size. Optical fibers are inserted to act as part of the mold and create a defined space for the fibers. The optical fibers are butted to the optical lenses. c Drawing (left) and microphotograph (right) of PDMS probe created using mold in b. The probe includes 2 optical fibers which are inserted through the guide created by the molding process. Optical components formed by air gaps (white-text label) created from the mold. The final overall probe dimensions are 1.1 mm wide × 0.52 mm thick
Probe optical characterization
The transmission efficiency and spectral throughput characteristics of the microprobe were measured and compared against a probe consisting of two bare cleaved fibers. Light transmission through both probes was measured using an optical power meter (PM100, Thorlabs, Newton, NJ) and a 543-nm 1.5-mW He-Ne laser (25- LGR-193-249, Melles Griot, Carlsbad, CA). The transmittance of a NIST-calibrated white light source (Hololab Calibration Accessory, HCA, Kaiser Optical Systems, Inc., Ann Arbor, MI) was measured using a spectrometer (USB2000, Ocean Optics, Dunedin, FL) to determine the spectral throughput characteristics of each probe from 200 to 800 nm with an integration time of 1 s. Reflectance spectra using one fiber as a source and the other as a collector were conducted using a fiber optic illuminator (Fiber-Lite 3100, Dolan-Jenner Industries, Woburn, MA) as the source and the same spectrometer, using Teflon as a high reflectance standard.
Fluorescence measurement
Characterization of the fluorescence performance of the probes was preliminarily conducted using a 543-nm HeNe laser source and USB2000 spectrometer with integration times of 0.1 to 0.5 s. The probe was placed in contact with a droplet of 10 μM resorufin on a silver-coated glass coverslip (EMF, Ithaca, NY) to determine the response of a bulk solution. To evaluate probe performance on a microfluidic chip, the probes were aligned to a PDMS microfluidic chip consisting of 60-μm-deep × 100-μm-wide channels, with a 100-μm-thick cover layer of PDMS.
For other microfluidic fluorescence assays, the 543-nm HeNe green laser or the 473-nm blue laser source (473-ST DPSS laser, Sintec Optronics, The Spire, Singapore) was used with a photomultiplier tube detector (Model R1547, Hamamatsu, Japan), coupled to a 580-nm (XF3022, Omega Optical, Brattleboro, VT) or a 535-nm emission filter (HQ535/50M, Chroma Technology Corp, Rockingham, VT). The voltage and amplifier gain of the PMT were set at 0.75 kV and 10 7 V/A, respectively. Initial data were collected with resorufin standards pumped through a fused silica capillary with a 150-μm inner diameter × 360-μm outer diameter (Polymicro Technologies, Phoenix, AZ) and a 60-μm-deep × 100-μm-wide PDMS microfluidic chip. These data were used to determine the detection limit using a 249 point (∼1 s) boxcar smoothing. Figure 2 illustrates the arrangement of the probe for on chip fluorescence detection. The PDMS microfluidic chip was fabricated by soft lithography with a channel network design used for enzyme assay and similar to a previously published device [45] . Glycerol standard solutions (Sigma-Aldrich, St. Louis, MO) were diluted to concentrations of 14, 28, 56, and 112 μM with Hank's Balanced Salt Solution (Life Technologies, Carlsbad, CA) before on-chip mixing with free glycerol reagent (Sigma-Aldrich, St. Louis, MO) and 1 mM Amplex UltraRed (Life Technologies, Carlsbad, CA) in 35 % DMSO. The solutions were pumped at 1 μL/min using a syringe pump (Chemyx, Stafford, TX). The channel was designed with serpentine mixing and incubation regions. The proprietary fluorescent product (similar to resorufin) was detected at the outlet by a microfabricated probe positioned on the chip.
The same probe was used for on-chip fluorescence detection in glass-based microfluidic devices. Borofloat glass microfluidic devices were fabricated and conditioned as previously described [46] [47] [48] . An initial experiment was conducted by passing fluorescein standards through a 25-μm-deep × 80-μm-wide channel. For an electrophoresis experiment, the channels were filled with sieving media (an entangled polymer solution of proprietary composition, Ab Sciex, part 390953, Framingham, MA). FITC protein ladder (LC5928, Invitrogen, Carlsbad, CA) was diluted 1:10 in the sieving media to a final concentration of ∼0.1 mg/mL for each protein. The pinched injection method was used to introduce the sample in separation channel [48] . Size-based separation (separation field of 400 V/cm) was recorded 4 cm downstream from the injection cross using the probe detection system. At detection, the channel size was 15 μm deep × 50 μm wide.
For on-chip detection using the microfabricated probe, a stereotaxic frame (Model 900, KOPF, Tujunga, CA) was employed to manipulate the probe and align it to the detection zone. An analog-to-digital converter (NI USB-6008, National Instruments, Austin, TX) was used for data acquisition and collection at 250 samples/s under control of LabVIEW (Version 10.0.1, National Instruments). Data was processed in MATLAB (R2012b, MathWorks, Natick, MA).
Raman measurement
The efficacy of the probe for Raman experiments was demonstrated by collecting Raman spectra from water, DMSO, and a commercial aspirin tablet. A fiber-optic coupled Raman spectroscopy system (RamanRxn-1, Kaiser Optical Systems, Inc.) with a back-thinned deep-depletion imaging detector (Newton DU920P-BR-DD, ANDOR Technology, Belfast, Ireland) was operated in fullvertical-binning mode to collect Raman spectra. A 100-mW, 785-nm excitation laser was connected to the 65°in-cidence fiber, while the Raman signal was collected through the 90°incidence fiber channel. Raman spectra were collected with 5 s acquisition times.
Results and discussion
Design and fabrication of the probes Our goal was to design a free-standing probe with integrated optics that could focus and collect light from outside the probe, be easily coupled to fiber optics, and have separate input (e.g., excitation) and output (e.g., emission) paths. Figure 1 illustrates the side-firing design that was fabricated and tested. The probe contains guides for inserting optical fibers precisely and optics at the probe tip for guiding light in and out of the probe.
One consideration for precise design of optical elements is the RI of the PDMS, which can vary significantly depending on selected wavelengths, curing times, and temperatures. The measured RI values at 200 to 800 nm wavelengths ranged from 1.42 to 1.58 for PDMS (Fig. S3 in the ESM) . The RI change is particularly small between 400 and 800 nm. This sm al l RI dispersion suggests the possi bi lity of microfabricating PDMS lenses with low chromatic aberration at the wavelengths of visible light. On the other hand, the RI increases rapidly at the wavelengths of UV light (200 to 400 nm).
The measured RI values were used with Zemax to design optical elements that were optimized for light in the range of 200 to 800 nm (Fig. 1a) . The cylindrical optics (e.g., lens and mirrors) in the fabricated probe were designed to generate a line-shaped focus100 μm below a coverslip. In the design, one fiber optic is used for excitation while the other is for collection of emitted light. The probe generates focused light at 90°incidence for the first fiber and 65°incidence for the second fiber. Folding mirrors are incorporated so that the source and collection regions overlap as necessary for Raman or fluorescence measurements. The probe design has the benefit of maintaining the source and collection optical fibers along a common axis on a single side of the sample which facilitates having a small but robust probe. The sidefiring design also avoids probe deformation during alignment to the sample.
To accommodate two 125-μm-diameter optical fibers, the width of these probes must be at least 400 μm, including the protective layers. In practice, a 90°side-firing probe incorporating two 30°incidence total-internal-reflectance based mirrors requires a minimum width of approximately 1.1 mm based on the optimized Zemax model. These probes have a total thickness of approximately 500-600 μm, including an externally bonded 100-μm PDMS cover layer.
We fabricated devices using inexpensive emulsion masks with a surface roughness of approximately 2 μm. The layer thicknesses are within 2 % of the design values, and the optical features are within 2 % of the target size. The aspect ratio has not been well optimized; instead, feature sizes are deliberately kept large to avoid issues with mold fabrication and demolding of the PDMS structures. Resulting probes were too small and flexible to be handled conveniently; thus, a holder was required for further experiments. In this study, we selected a commercially available stereotaxic alignment system for use as a holder and a micropositioner. The stereotaxic system allowed us to precisely manipulate probe position and to secure probe placement on/in sample substrates.
Optical characterization of probes
To evaluate optical performance of the microprobe, a series of comparisons were made to a probe consisting of two cleaved bare fibers assembled side by side with identical FC connections. The optical throughput of the microfabricated probe was determined by injecting laser light at the FC fiber interface and measuring the optical power transmitted through the probe face. The bare fiber probe has 84 % throughput while the probe with fabricated optics has 70 % throughput. These results suggest that the majority of the 16 % loss in the bare fiber is due to losses in injecting light through the FC connector, and in the microprobe, an additional 14 % loss is due to the probe optical elements. Reflection losses could potentially be further reduced by the use of coupling gels or index-matching fluids, which were not used in this case. To determine if any spectral artifacts are caused by the microfabricated optics, we compared white light throughput of the microfabricated probes to the throughput of a bare fiber using a spectrometer. The spectra are identical for both probe types, as illustrated in Fig. 3a , indicating no spectral artifacts are generated by the microoptical system.
To compare the background scattering arising from the probe optics, a white light reflectance spectrum was collected with the probes pointing into free space in a dark room, as shown in Fig. 3b . The scattered white light background generated from the microfabricated probe is significant, while the bare fiber probe has no discernible background because the bare fiber probe has no interfaces which can scatter light from the excitation channel back into the collection channel. The 2 μm roughness causes elastic light scattering from the optical surfaces of the micofabricated probe. Next, the collection efficiency from a highly scattering material (Teflon) was measured. Both probe types have approximately the same collection efficiency, with slightly different spectral collection efficiency due to wavelength-dependent light scattering effects. However, when collection efficiency is tested against a transparent PDMS slab, the bare fiber probe collects 3.3 times more signal than the microprobe. This difference occurs because the surface reflections from the PDMS slab are collected very efficiently by the two parallel fibers. The spatial offset between the excitation and collection paths in the microprobe allows little reflectance to be collected, with half of this reflectance arising within the microprobe as shown by the reflectance in air.
When measuring fluorescence of resorufin in bulk solution, the bare fiber probe collects 2.2-fold more fluorescence than the microfabricated probe because of a higher overall collection solid angle (Fig. 3c) . However, when measuring resorufin in a channel buried 100 μm below the surface of the PDMS microfluidic device, the microfabricated probes detect fluorescence comparable to that of bulk solution, whereas the bare fiber probe returned no discernible fluorescence. This result is because the lensed microprobe focuses the light below the surface and into the channel. The bare fiber probe collects the excitation laser light reflected from the PDMS microchip so that the laser signal overwhelms any fluorescence (Fig. 3d) . The much higher reflectance from the PDMS surface when using the bare probe is in agreement with the results shown in Fig. 3b , where the surface reflectance of the bare fiber probe is several fold greater than for the microprobe. The overall results indicate the utility of incorporating optics on a microprobe for collecting light from within a microfluidic sample.
Numerical aperture (NA) is used to characterize the angles accepted through an optical system. In this case, the NA of the probe was defined as a certain angular range over which the probe can deliver light to and collect light from a sample. The NA of the probes made for this study were limited by the NA of the fiber, which was 0.22.
Fluorescence detection in microfluidic systems
Fluorescence in microfluidics or capillaries (e.g., for capillary electrophoresis detection) is usually measured using microscopes or other external assembled optics. Alternatively, microfabricated optics can be built into a chip [25, 26] . Here, we evaluated the microfabricated probe to measure fluorescence within capillaries or microfluidic chips. For these experiments, the probe was positioned over a capillary (e.g., Fig. S4, see ESM) or microfluidic chip (e.g., Fig. 2 ) with a laser coupled to the inlet and detector to the outlet of the probe.
We initially tested the probe by detecting resorufin standards in a 150-μm inner diameter × 360-μm outer diameter fused-silica capillary. Figure S4 in the ESM illustrates the trace detected using the probe while passing plugs of 52 nM resorufin through the capillary. Responses to a series of concentrations from 0.05 to 10 μM were linear with R 2 of 0.997. The limit of detection (LOD), determined as the concentration to give a signal three times the standard deviation of the blank, was 6 nM. These results demonstrate that the probe is suitable for fluorescence measurements within a capillary.
The probe was then placed on a 60-μm-deep × 100-μm-wide PDMS chip for on-chip measurement of 0 to 75 μM resorufin standards. This range of standard concentrations was selected to match with the concentrations of proprietary fluorescent products in the following enzyme assay. Fluorescence detection of different resorufin concentrations is shown in Fig. 4a . As shown in Fig. 4b , the fluorescence changes were linear with concentration with R 2 of 0.990. The LOD was determined to be 100 nM. Next, we evaluated the performance of the probe to act as a detector for a microfluidic chip used for fluorescence enzyme assay. The probe was positioned over a PDMS chip used for continuous flow enzyme assay of glycerol (Fig. 2) . The signals of the fluorescent products from different glycerol concentrations pumped through the chip are shown in Fig. 4c . Each trace represents the signals upon switching between low and high glycerol concentrations. The fluorescence assay, using the probe as an optical probe, resulted in a linear response with R 2 of 0.988, as shown in Fig. 4d . The calculated LOD was 700 nM for glycerol. With probe detection, analytical performance of the on-chip assay is comparable to our previously reported on-line enzyme assay using a fluorescence microscope for detection [49] and other commercial glycerol assay kits [50] . Thus, in this case, where the LOD is determined by the enzyme assay, the probe provides comparable LODs but in a compact and low-cost probe.
The same probe was tested for fluorescence detection in glass microfluidic devices. The probe was positioned over a 25-μm-deep × 80-μm-wide glass microfluidic chip while pumping 0 to 100 nM fluorescein through the device. The trace in Fig. 5a illustrates the detection of fluorescent changes at different fluorescein concentrations. The resulting calibration curve was linear with R 2 of 0.999, as shown in Fig. 5b . The LOD was determined to be 11 nM. The probe was then used for detection of microchip electrophoresis separation of a fluorescent protein ladder (Fig. 5c) . The probe was placed on a glass-based electrophoresis chip near the end of a 15-μm-deep × 50-μm-wide separation channel. The probe was able to detect the seven separated proteins, as illustrated in Fig. 5d . Signal to noise ratio was reasonably comparable to our previously reported assay using a conventional microscope system that used an arc-lamp source and CCD camera for detection [51] . The individual proteins are present at ∼0.014 mg/mL in this example. While the sensitivity is not excellent, this measurement is in a challenging environment of a narrow channel with brief signals. The sensitivity is counterbalanced by the ease of the measurement; the probe is merely placed over the channel. This result demonstrates the suitability of the probe for measurement of non-discrete samples within shallow and narrow detection zones.
These applications of the probe illustrate a simple way to couple fluorescence detection to a chip. Although it is difficult to compare to different experiments, the LODs are comparable to other microfabricated devices with integrated optics and optical fibers (see Table S2 in the ESM) [25, [37] [38] [39] [52] [53] [54] . . c Probe detection of on-chip glycerol assay. Individual traces show alternating between low and high glycerol concentrations (0, 14, 28, 56, 112 μM, respectively). The features at the end of each peak (prominently in 112 μM) were due to pressure switching during syringe changes. d Linear range of glycerol assay corresponding to (c). Deviation from the line at 14 μM is inherent to the assay A significant limitation of the current design is lack of optical filters in the probe tip. The LODs reported here could be improved by integrating optical filters directly onto the tips of the fibers, thus reducing fluorescence background due to light scattering that occurs along the fiber length [55] [56] [57] . Nevertheless, our probes have the advantage of focusing into small channels (down to 15 μm deep × 50 μm wide), enabling their use for a variety of applications, such as electrophoresis. Furthermore, the probes incorporate both excitation and emission fibers in parallel on the same side of the microfluidic device, which allows for simplified fabrication and requires less space for integration. Because the probes are standalone devices, they can be used for different applications on different chips by moving the probe from one device to another as a Bplug-and-play^detector. As the major microfluidic design characteristic is the coverslip material and thickness, a given design is reusable. Indeed the same probes could be used for all the experiments described above. Individual probes are easy to clean (using Scotch® Magic™ Tape), autoclavable, and reusable due to properties of the materials used.
Raman measurement
To demonstrate another application, the same microfabricated probe was used to acquire Raman spectra. Figure 6a illustrates Raman spectra of bulk solvents (water and DMSO). These solvents have been reported to not swell PDMS [58] ; hence, we do not observe any carryover or interference with measurement. The probe allows detection of several major bands of DMSO over the much weaker scatter of water, for example C-S symmetric stretch at 668 cm . Placing the probe directly on an aspirin tablet allowed detection of the characteristic Raman bands of acetylsalicylic acid including the symmetric aromatic ring C-C stretching vibration at 1606 cm −1 and C=O stretching vibration of the carboxyl group at the shoulder peak d Probe detection on the electrophoresis chip of a 0.1-mg/mL protein ladder with 15-μm-deep × 50-μm-wide detection channel, showing electropherograms of 7 separated proteins. Doublet feature of the first protein was due to degradation of sample and/or gel or separation conditions. These discrepancies do not influence detection ( Fig. 6b) . The Raman fingerprints are consistent with previous reports [59] [60] [61] [62] . High background at <600 cm −1 is caused by the silica of the optical fibers. Addition of optical filters to fiber optic tips would reduce this background. These results show that the microfabricated probes can be successfully employed as Raman probes. The overall size of microfabricated probes is comparable to the smallest reported lensed Raman probes [13] ; however, the use of microfabrication simplifies the making of the probes and enables low cost, mass production, flexible probes, and disposability.
Conclusions and future directions
Microfabrication using soft lithography is a viable and costeffective way to miniaturize spectroscopic probes. The microprobes described here are only slightly larger than the optical fibers on which they are molded. The microfabricated probes are thus smaller than commercial optical probes, enabling chemical measurements in tight spaces. As demonstrated, the probes are versatile as the same probe can easily be transferred between samples.
Some modifications can further improve performance of the system and its ease of use. The probes can feasibly be coupled with thinner optical filters [38, [55] [56] [57] , more compact light sources [63, 64] and detectors [65] , and other miniature optics [27, 56] , resulting in more integrated, smaller, portable, low-cost analytical, and diagnostic devices. Incorporation of filters in the tip would lower background and improve sensitivity. Better lithographic masks may be used as previously described to yield subwavelength optical quality surfaces [25] . Additional designs are possible. In principle other geometries could be fabricated such as reflectance on a single point, diffuse reflectance including a spatial offset, collimated transmission, diffuse transmission, and multiple-input multiple-output tomographic configurations.
With further development, a variety of further applications can be envisioned due to the size, cost, materials, and configuration of the probes. The probes may have excellent potential for biomedical endoscopy. The small probe size suggests potential for less-invasive endoscopy [66, 67] . Compared to traditional endoscope probes, the devices are low cost to fabricate. The materials are compatible with autoclaving, offering a unique potential compatibility with biomedical applications requiring sterilization as compared to traditional assembled microprobes that require the use of adhesives and have materials with dissimilar thermal expansion coefficients. The probes also have more potential for pairing with microfluidic devices. Pairing a microfluidic device with the probes illustrates a simple approach for coupling fluorescence to a chip. Because the probe is mounted to the device, optics do not need to be incorporated into a chip allowing flexibility of design. The low cost and facile mounting of the probes may facilitate multipoint detection on a chip, a possibility that was previously restricted because of microscope dimensions [68, 69] . On-chip alignment markers and probe holders for interfacing the probes to microfluidic devices can be customarily made using microfabrication or 3D printing could be used to facilitate positioning on microfluidics.
